Quantifying the environmental impacts and simulating the energy consumption of building's components at the conceptual design stage are very helpful for designers needing to make decisions related to the selection of the best design alternative that would lead to a more energy efficient building. Building Information Modeling (BIM) offers designers the ability to assess different design alternatives at the conceptual stage of the project so that energy and life cycle assessment (LCA) strategies and systems are attained. This paper proposes an automated model that links BIM, LCA, energy analysis, and lighting simulation tools with green building certification systems. The implementation is within developing plug-ins on BIM tool capable of measuring the environmental impacts (EI) and embodied energy of building components. Using this method, designers will be provided with a new way to visualize and to identify the potential gain or loss of energy for the building as a whole and for each of its associated components. Furthermore, designers will be able to detect and evaluate the sustainability of the proposed buildings based on Leadership in Energy and Environmental Design (LEED) rating system. An actual building project will be used to illustrate the workability of the proposed methodology.
Introduction
Important decisions related to the design of sustainable buildings are made at the conceptual stage of their lives. This practice does not consider the integration between the design and energy analysis processes during early stages and leads to an inefficient way of backtracking to modify the design in order to achieve a set of performance criteria [1] . Energy efficiency is an important feature in naming building materials as being environmentally friendly. The ultimate goal in using energy efficient materials is to reduce the amount of artificially generated power that must be brought to a building site [2] . Generally, building materials consume energy throughout their life cycle starting by the manufacturing stage, passing through that of use, and finishing by the deconstruction phase. These stages include raw material extraction, transport, manufacture, assembly, installation as well as disassembly, deconstruction, and decomposition. The total life cycle energy of a building includes both embodied energy and operating energy [3] . Embodied energy is sequestered in building materials during all processes of production, on-site construction, transportation, final demolition, and disposal. Operating energy is expended in maintaining the inside environment through processes such as heating and cooling, lighting, and operating appliances.
Presently, Building Information Modeling tools have the ability to provide users with an opportunity to explore different energy saving alternatives at the early design stage by avoiding the time-consuming process of reentering all the building geometry and supporting information necessary for a complete energy analysis. Using BIM helps owners and designers make energy related decisions that have a high impact on the proposed building life cycle cost at the early stage of design. Krygiel and Nies [4] indicate that BIM can aid in the aspects of sustainable design which include building orientation, building massing (that is used to analyze building form and optimize the building envelope), daylighting analysis, water harvesting (that is used to reduce water needs in a building), energy modeling (that helps reducing energy needs and analyzing how renewable energy options can contribute to low energy costs), sustainable materials (that helps reducing material needs by using recycled materials), 2 Journal of Construction Engineering and site and logistics management (to reduce waste and carbon footprints).
Hoff [5] describes EI as being the result of the inputs and outputs over a product's life cycle. Although the total number of different potential EIs may be very large, the U.S. Environmental Protection Agency has categorized the "top ten" impacts as (1) Global Warming Potential, (2) Ozone Depletion Potential, (3) Photochemical Oxidant Potential, (4) Acidification Potential, (5) Eutrophication, (6) Health Toxicity (Cancer), (7) Health Toxicity (Non-Cancer), (8) Health Toxicity (Air Pollutants), (9) Eco-Toxicity Potential, and (10) Fossil Fuel Use. Thus, to quantify the impacts of the selected materials on the environment, an assessment method has to be applied. The common method employed is LCA, which is a tool used for evaluating environmental concerns [6] . It is because of this that designers must keep the entire life cycle of the building and its associated materials in mind. This will promote sustainable development practices through suited rating systems by recognizing the projects that implement strategies for better environmental and health performance [7] . Furthermore, linking BIM with LCA tool supplies users with information related to the embodied energy needed for every single component present in the proposed building and, accordingly, allows them to select the best components at the conceptual design stage.
Usually, using BIM tools to design sustainable buildings necessitates the selection of materials and systems whose embodied energy can be easily evaluated. Thus, the common method used to quantify the embodied energy of the selected materials is LCA. For this purpose, designers use LCA tools to model, to modify, and to input energy simulation results and calculate the embodied effects of their design. Hence, it will be necessary to evaluate and to compare the capabilities of these file formats in exchanging information between BIM and LCA tools, which are highly important for designers who need to transfer the design information directly from the BIM model to the energy analysis software. Yet, using BIM tools to design sustainable buildings necessitates the selection of materials and systems so that their EI and embodied energy can be easily evaluated. Thus, the common method used to quantify the EI and embodied energy of the selected materials is LCA. For this purpose, designers can use "The Impact Estimator for Buildings, " which is a stand-alone tool that allows users to model their own custom assembly and envelope configurations and provides them with the flexibility to modify the proposed designs and existing buildings. Hence, the main objective of this paper is to automate the integration process of BIM, LCA, and energy analysis and simulation tools to design sustainable buildings. This assimilation will also include the sustainable design for proposed buildings at the conceptual stage in an attempt to help owners and designers analyse the daylighting and measure the thermal of such types of buildings. To make this integration fully automated, authors developed plugs-in in BIM tool to enable users transfer their design information directly from the BIM model to the energy analysis software. In this way, users can easily export the materials' quantity take-offs and connect them to other tools such as the LCA tool so that designers can have relevant information about the EI and embodied energy for associated components of the designed building at the conceptual stage. Access to said information will then allow them to determine and correct potential problems.
Furthermore, designers are able to evaluate the sustainability of the building components used in the BIM model by using another plug-in in BIM tool which supports suppliers' web pages by cataloguing green components and products and their environmental characteristics. In addition, by assigning the unit cost of every building component in BIM tool, design team is able to create supportive documents such as initial cost estimation of the BIM model. Using the proposed automated process at the conceptual stage of the project enables designer to determine which products best meet their needs, evaluate them based on optional environmental rating systems, and print the necessary documents in an easy, quick, and convenient way.
Literature Review
Building Information Modeling (BIM) is gaining popularity in the building industry where it was first coined over ten years ago to distinguish the 3D modeling rich information from traditional 2D drawings. Currently, BIM is widely adopted by the building industry due to its ability to correct mistakes at the early stages and aid in accurately scheduling and sequencing the construction, identifying conflicts, advocating design alternatives, and facilitating the selection of appropriate solutions for complex projects [8, 9] . Based on Kubba [8] and Becerik-Gerber and Rice [10] , development of a schematic model prior to the generation of a detailed building model allows the designer to make a more accurate assessment of the proposed scheme and evaluate whether it meets the functional and sustainable requirements set out by the owner; this helps increase project performance and overall quality. The advent of BIM along with the emergence of global challenging issues like sustainability and life cycle cost of buildings necessitates designers to incorporate the basic performance analysis from an early design phase. That is special quality analysis, energy performance, social impact, and environmental performance into its framework by further developing the concept of virtual space and virtual building [11] . An integrated BIM system can facilitate collaboration and communication processes between project participants in an early design phase to effectively provide a well performing building during operations [12] .
Combining sustainable design strategies with BIM technology has the potential to change the traditional design practices and to efficiently produce a high-performance design of proposed buildings. BIM technology can be used to support the design and analysis of building's systems at the early design process. These include the experimental structural analysis, the environmental controls, the construction method, the selection of new materials and systems, and the detailed analysis of design processes. The building system analysis involves many functional aspects of the building system such as structural integrity, ventilation, temperature control, circulation, lighting, energy distribution, and consumption [13] . Hence, an ideal opportunity exists for the sustainability measures and performance analysis to be integrated within the BIM model [14] . BIM includes associated benefits of visualization, built-in intelligent objects of a building model such as spatial data (3D), unstructured data (text), and structured data such as spreadsheets and databases. BIM models not only provide data pertained to the building geometry but also allow the calculation of volumes and related energy based on the building's characteristics and orientation.
Energy analysis is typically performed after the architectural/engineering design and related documents have been produced. This practice does not consider the integration between the design and energy analysis processes during early stages and leads to an inefficient way of backtracking to modify the design in order to achieve a set of performance criteria [1] . For the past 50 years, a variety of building energy simulations and analysis tools have been developed, enhanced, and applied throughout the building industry. Examples of these tools are BLAST, EnergyPlus, eQUEST, TRACE, DOE2, Ecotect, and Integrated Environmental Solution (IES-VE) [15] . Grobler [16] claimed that building designs (conceptual and detailed) affect the construction and operation costs of a building. Several researchers describe energy analysis as a holistic evaluation [17] . Dahl et al. [18] and Lam et al. [19] show that decisions made early in a project have a strong effect on the life cycle costs of a building. Simulation tools, such as Integrated Environmental Solution-Virtual Environment (IES-VE) and Ecotect, are able to conduct comprehensive building performance analysis, including energy simulation. IES has direct interaction with BIM tools such as Autodesk Revit. Ecotect is a building design and environmental analysis tool that covers a broad range of simulation and analysis functions required to understand how a building design will operate and perform. It allows designers to work easily in 3D and to apply tools necessary for an energy efficient and sustainable future. Some of its features include a shading design and solar analysis, lighting analysis, acoustic analysis, thermal analysis, ventilation and air flow analysis, building regulations, and resource management. Ecotect does not have a plug-in in BIM tools; therefore the way it can get connected with BIM tools is through file format exchanges.
Jalaei and Jrade [20] evaluated and compared the capabilities of different file formats in transferring information from BIM tool into energy analysis and simulation applications. The result of this validation showed that gbXML has a simplified schema for energy analysis, although that when preparing an analytical model from BIM 3D model to be imported via gbXML file format is time-consuming for large and complex projects, it is currently a preferred format during design development or the schematic stage. The green Building XML schema-commonly known as "gbXML"-was developed to facilitate the transferring process for the information stored in building information models to enable the integration and interoperability between the design models and other engineering analysis tool [21] . However, gbXML also facilitates the exchange of the building information (which includes product characteristics and equipment performance data) between the manufacturer's database, the BIM models, and the energy simulation engines. One of gbXML's benefits is its ability to carry detailed descriptions of a single building or a set of buildings which can be imported and used by energy analysis and simulation tools.
When creating sustainable designs, designers are concerned about their ability to evaluate the EI of the selected materials and components by using available methods and tools. In this perspective, the idea of LCA has emerged as the collection and evaluation of the building inputs and outputs and the potential energy of a product throughout its life cycle [22] . While LCA can be used to assess the sustainability of the built environment, its technique provides comprehensive coverage of the product's energy consumption, as such it is very useful to apply it to the conceptual design phase of building projects. At that stage the designer must be able to acquire, store, and organize LCA data for the components in such a way that it can be used to generate feedback during the design process [23] .
In order to analyze the EI as well as embodied energy of buildings' components, a methodology that integrates BIM models with LCA systems is needed due to its potential to streamline LCA processes and facilitate the rigorous management of the environmental footprint of constructed facilities. Jrade and Jalaei [24] describe a methodology emphasizing the integration of BIM, Management Information System, and LCA that can be used to implement sustainable design for proposed buildings at their conceptual stage all the while taking into consideration their environmental impacts. Häkkinen and Kiviniemi [25] identify the following solutions to integrate BIM tools with LCA systems: (1) linking separate software tools via file exchange, (2) adding functionality to existing BIM software, and (3) using parametric formats such as Geometric Description Language (GDL). Until recently, only operating energy was considered, owing to its larger share in the total energy life cycle. However, due to the advent of energy efficient equipment and appliances, as well as more advanced and effective insulation materials, the potential for curbing operating energy has increased and, as a result, the current emphasis has shifted to include embodied energy in the building materials [3, 26] . Thus, there is a genuine demand for measures to calibrate the performance of buildings in terms of both embodied and operating energy in order to reduce their energy consumption [27, 28] . Transport energy is a function of material's weight, transport method, and the travelled distance. From these three factors a reasonably accurate calculation of the transport embodied energy can be done.
While green building certification systems can be used as guidance for design, to record performance progress, to compare buildings, and to document the outcomes and/or strategies used in the building [29] , different types of methodology such as Building Research Establishment Environmental Assessment Method (BREEAM) [30] , Green Star from Australia [31] [7] . All of these methodologies are widely used to establish the environmental goals' level of achievement and to guide the planning and design processes. Furthermore, comprehensive tools for environmental assessment can be found such as the whole Building Design Guide [34] and the World Green Building Council [35] .
Although these tools have an extended use, the LEED Rating System (LEED-RS) has established a strong credibility among the experts [36] . The LEED-RS was evaluated to its importance as a measurement tool for the environmental performance of a building by 7,500 companies and organization members around the world. Yet, in order to automate the evaluation of the environmental specifications of the proposed building model in BIM at the conceptual design stage, designers can use sustainability evaluator tool (i.e., EcoScorecard©), which is a plug-in to BIM tool. This Plug-in has the ability to evaluate and to document the environmental data for various rating systems such as those of the US Green Building Council (USGBC), the Canadian Green Building Council (CaGBC), the Collaborative for High Performance Schools (CHPS), and the National Green Building Standard (NGBS) as well as other third-party product certification systems. LEED Canada-NC 1.0 (NC standard for new construction and major renovations) is the Canadian version of the LEED certification system. It is approved by the USGBC and was released by the CaGBC in December 2004. An addendum to LEED Canada-NC 1.0 was developed in 2007, which included improved requirements introduced by the USGBC for LEED-NC 2.2, along with other improvements related to the durable building credit. The CaGBC is the source for these LEED reference information and updates, including templates.
Despite that lots of efforts have been put in place toward the advancement of sustainability, still the energy efficiency and its resulting values besides the corresponding cost savings are not key criteria in the building development process. Energy and performance analysis are typically performed after the architectural design and construction documents have been produced. This lack of integration into the design process leads to an inefficient process of retroactively modifying the design to achieve a set of performance criteria. The importance of incorporating all disciplines from the early stages of design is widely acknowledged and documented [37] . Early decisions are crucial in order to achieve sustainability objectives in the resulting design outcome [1] . According to Eastman et al. [38] , developing a parametric model within the BIM environment is capable of capturing project information and generating documentation. With special care taken on the software side, an enhanced BIM application could potentially resolve what used to be major problems in the delivery of sustainable design (i.e., dealing with the complexity of conducting a full building energy simulation, acoustical analysis, and daylighting design). The authors are not able to find in the literature any research that looked at the possibility of having the design team to have access to different types of information such as energy consumption, environmental impacts, and embodied energy of every building component, pursued accumulated green building rating system points, and associated costs all within a BIM environment, while the conceptual design is in progress. Although the potential of using BIM models for energy simulation is well known, a systematic approach that can be used to share the necessary information is still lacking [39] . The data related to the buildings internal loads such as occupancy and lighting should be included in the data exchanging process between BIM tools and energy simulation software in order to avoid any repetitive data inputs [40] . To pursue the integration procedure is to test the data inputs and outputs using different interoperable formats and to select the more efficient one. Since the automation process will take place at the conceptual stage of a project life while doing sustainable design, another aspect of this study is to use an application to evaluate the created model in order to get details about its environmental and sustainability specifications in a systematic way. In this case, users can add up the potential points that can be earned during the design based on the selected green building certification system. This would provide the design team with the opportunity to analyze energy results for the whole model as well as EI and the embodied energy of every component. Autodesk Revit, which is used as BIM tool in this research, provides the opportunity to create custom tools that plug directly into Autodesk Revit. This would extend the functionality of the BIM tool and would allow users make well-informed decisions in selecting optimum sustainable building components.
Scope and Significance of the Study
This paper describes a methodology to implement an automated and integrated platform to do sustainable design for proposed buildings at their conceptual stage. The methodology is implemented through the design and development of a model that simplifies the process of designing sustainable buildings and hence of transferring the design information to energy analysis tools so that designers can implement energy and lighting analysis. The model has also the capability of listing the certification points that can potentially be earned based on the selected system for sustainability. The methodology incorporates an integrated model capable of guiding users when performing sustainable design for building projects. It incorporates five modules: (1) database management system (DBMS), (2) BIM, (3) energy and lighting analysis, (4) life cycle assessment (LCA), and (5) LEED and cost. The major task of the model is to expand, develop, and collect lists of green products and certified materials; these materials will be linked to the BIM tool. Part of this integrated methodology is to develop plug-ins and customize the available ones in BIM tool so that users can connect their design module with other modules in an efficient and consistent manner. The objectives of this study are listed as follows.
(i) Collect and store series of design families that incorporate sustainably certified components in a database in an attempt to improve the workability and capability of the BIM tool used to do sustainable design at the conceptual stage. (ii) Create and develop a framework for this integration that considers the sustainable design requirements and the functionality of BIM tool.
(iii) Investigate the feasibility of implementing a full integration between BIM and energy (operational and embodied) and lighting analysis tools.
(iv) Develop the automated BIM model that integrates the abovementioned five modules and then validate it by using an actual existing building project to test its workability and capability. Afterwards, analyze the information associated with the case project to identify how much was transmitted during the transformation process between the different tools.
One contribution of this research is the ability to measure the transport energy, which is one significant component of the embodied energy used to transfer materials and building components from suppliers' location to the building site. IE tool does not recognize this type of energy and accordingly it does not have the capability to calculate it.
Different types of software commonly used in the construction industry, such as Autodesk Revit Architecture©, Autodesk Ecotect, Integrated Environmental Solutions (IES-VE), Microsoft Excel©, and Athena Impact Estimator© were used in the development of the proposed model.
Methodology and Model Development
The aim is to develop an automated way in which 3D sustainable design of a proposed building project is accomplished and related energy analysis and simulation results of the whole building and every one of its components identified.
Since the proposed methodology integrates different applications, as is represented in Figure 1 , the development will be implemented through the following six phases. Phase 1.It consists of designing the model's relational database needed to design sustainable building. Loucopoulos and Zicari [41] stated that a consistent information system depends on the integration between databases, programming languages, and software engineering and its lifecycle incorporates the interrelated technologies of conceptual modeling and database design. The design and development of this database is accomplished in two steps starting by the conceptual modeling and ending by the physical implementation. The information related to the green materials is stored in an external database in the form of predefined design families that can be recognized by BIM tool. The separate database is linked to the predefined library of Revit by defining its path and it is loaded every time the BIM tool (Revit) opens. The data related to the green materials is saved as family files (RFA) or Revit files (RVT), which can be identified by the BIM tool. Thus, in the external sustainable database, up to 3,000 design families are collected from the literature, suppliers' web pages, USGBC, and CaGBC websites as well as published data and are arranged based on the 16 divisions of the Masterformat WBS. Different types of information such as details about the materials used, suppliers' contact data, assigned keynotes, potential LEED criteria, and assembly codes are stored in the external database.
Phase 2. Phase 2 focuses on customizing BIM tool to fit the modularity requirements of the model. The first step is to design and implement a 3D module capable of storing newly created families, in BIM tool, and their associated keynotes for components commonly used in residential buildings by using certified green materials. The module is linked to Table 1 : Sample of the algorithm developed to transfer the material quantity take-offs from BIM model to energy analysis tool.
Integration algorithm used to create plug-in Task //GBXMLExportOptions gbx = new GBXMLExportOptions(); //Transaction t = TransactionManager.StartTransaction(); Transaction t = new Transaction (doc); t.Start("gbXML based export plug-in"); doc.Export("c:\\1\\", "gbxml", newGBXMLExportOptions()); t.Commit(); //doc.SaveAs("gbxml.xml", sao.OverwriteExistingFile); Process notePad = new Process(); Export and save material quantity take-offs to gbXML format notePad.StartInfo.FileName = "Ecotect.exe"; notePad.StartInfo.Arguments = "C:\\1\\gbxml.xml"; notePad.Start(); Call Ecotect.exe to open gbXML files from the place where it is already saved the database developed in phase 1. Keynotes are textual annotations that relate text strings to specific elements in the model, which are in turn linked to an external text file. It can be used as external link to the element itself with specific style and specifications so it can be used as a Revit family. That means, user can insert different text family types in Revit. Keynotes can be assigned to elements which are typically used if the user wants to note an entire assembly, such as a wall assembly. The sixteen Masterformat divisions present the main WBS applied in this research. It is very important to select a unique code for each item that is presented in a separate line in the database to ease and simplify their usage.
Phase 3. It focuses on creating a plug-in, which is a type of algorithm that adds functionality to the BIM tool by integrating it with the energy analysis and simulation tools. Plug-In or Add-In are terms used in BIM tool to signify a module containing an algorithm that makes use of the BIM tool's Application Program Interface (API). The BIM tool used in this study has a.NET API, which means that any of the.NET compliant programming languages (C#, VB.NET, F#, etc.) can be used to develop a customized plug-in. While each language has its own relative benefits, C# has been used in this research due to its simplicity, usability, and powerful ability to underlay the.NET framework. Table 1 represents sample of the developed algorithm used to export the materials quantity take-offs to energy analysis tool based on gbXML format. This algorithm uses C# programming language, which is used in developing the plug-ins that will be applied to the BIM tool.
Phase 4. It consists of designing energy analysis and simulation modules that help exporting the 3D design created in BIM tool as gbXML file format. The energy analysis tools used in this research is Ecotect, due to its efficiency in evaluating the thermal and solar gains for the architectural designs of proposed buildings. It easily creates or cleans up models in a format that includes both the geometry and the zones of a building, besides having interoperability potentials with other tools. This interoperability makes it an ideal tool to import and export the 3D design between BIM tools, which generate the geometry of the proposed building, and different energy analysis tools. IES-VE contains an Integrated Data Model that captures all the information related to the proposed building including the geometric data, which is needed to do all necessary analyses. Yet, it must be said that the 3D geometric information can also be imported straight from the BIM tool using gbXML file format. Constructions materials can also be selected from the IES-VE built-in database, which is known as the Apache construction database.
Phase 5. It concentrates on designing LCA modules that interconnect the 3D BIM design with the LCA tool through an ODBC exporting format, which directly transfers the materials' quantity take-offs to any file format in an attempt to evaluate their environmental impacts. The LCA tool is linked to an external database, which is in turn associated with the BIM module that stores the extracted quantities of materials from the 3D design and evaluates their EI as well as embodied energy. The extracted bill of quantity is then linked to ATHENA Impact Estimator© in a text exchange file format. Authors elected to use ATHENA Impact Estimator for Buildings because it is commonly used by the North American construction industry and because it is designed to evaluate the whole building and its assemblies based on the internationally recognized life cycle assessment (LCA) methodology.
Lots of materials are delivered to the site by rigid trucks; thus to calculate the transportation energy, the developed model considers this as one of the inputs stored in the database developed in phase 1. To ease the development process of this module a framework is created.
Transportation embodied energy is dependent on the type and number of trucks, the travel distance between suppliers and construction site, and material properties (i.e., size and weight). In order to demonstrate the model's capabilities, four different types of trucks (as listed in Table 2 ) are taken into account when identifying the required number of trucks. In this study, a gross vehicle weight (GVW) is considered as the maximum weight value of a vehicle that includes weight of a vehicle and cargo and a payload is defined as the total weight of all cargo that a vehicle carries. Also, the size of the load in the truck bucket is limited to 53 × 13.5 × 8.5 ft ( × × ) [42] . Using the properties identified above and quantity of material for a given order, the required number of trucks can be determined. The proposed algorithm selects combination of trucks based on the minimum value of fuel : total weight of load (1000 × lb).
consumption. Then, the fuel consumption value is calculated according to the traveled distance per unit of fuel used in miles per gallon (MPG). The distance measurement can be done by using the geospatial method used by BIM tool that specifies the geographic location for the project. It uses an Internet mapping service to visualize the project location by searching its street address or the longitude and latitude of the project.
Phase 6. It includes the design and development of a green building certification and cost estimating module, which is linked to the BIM. This module contains data collected from the suppliers and publishers webpages, which are retrieved from the created model by using the sustainability evaluator plug-in that is loaded into BIM tool. Authors collected information about sustainable materials and components from the manufacturers and vendors websites as well as using the smart BIM green components, which can be detected by the sustainability evaluator. In the sustainability evaluation results, there is detailed information about every component, which includes the potential LEED points that can be gained if these materials or components are used in the design. This information is stored in the external database of the BIM tool. Therefore, when designers model the design for a proposed building project in 3D and select any of these sustainable materials or components, the potential LEED points gained by these selected items are identified and stored in the schedule associated with the model. Afterwards, users will add up these LEED points to identify the potential number that the proposed building can earn and accordingly its potential level of certification (Certified; Silver; Gold; or Platinum). Furthermore, the associated cost will be generated by linking the model created in BIM tool with the cost module, which is linked to the database that stores information about green and certified materials. The associated cost of the developed design is then calculated based on RS-Means published data.
Model Application
The development of the model described in this paper focus on automating the process of connecting the output of BIM module with other different modules. The developed model is an integrated tool that helps owners and designers share variety of information at the conceptual design stage of sustainable buildings. It assists designers in comparing and evaluating each design family and its associated components that is selected during the conceptual design taking into consideration the materials' selection criteria. Figure 2 shows a flowchart of the integration process that is used in this study. It determines the processes applied to the design created in BIM tool while considering all related criteria and specifications based on the described phases. Figure 3 illustrates the model's architecture when the input section includes the certified components stored in the database, based on the Masterformat WBS, containing keynotes and families as well as suppliers' information. Project orientation and the specified green building rating system for sustainability analysis are identified as inputs. The criteria section includes the green building rating system as well as the environmental performance and principles to select green materials. The main output of the model will be a sustainable design in 3D mode of the proposed building that includes lists of the selected sustainable materials and their environmental impacts as well as the results of the energy simulation and daylight data analysis. This platform provides a suitable environment to establish a Decision Support System (DSS) to help design team decides on the selection of the most appropriate type of sustainable building components and families for proposed projects based on defined criteria (i.e., energy consumption, environmental impacts, and economic properties) in an attempt to identify the influence of the design variations on the sustainable performance of the whole building. The final design will be influenced by the results of the energy and lighting analysis, the LCA and environmental impact and embodied energy results, and the sustainability evaluation of every building component based on LEED rating system besides the initial costs of these components. These results represent a reasonable perspective to evaluate how far the design deviates from the standards and owners' expectation.
To validate this model, its performance is examined through the use of an actual three floor office building project with a conference hall at the fourth floor that is under design process in the city of Montreal. The proposed construction site has a total area of 41,980 ft 2 , the building's gross area is 16,862 ft 2 , and it has a perimeter of 1145 ft. The authors created a 3D conceptual design of the current project where its associated sustainable components and materials were selected from the developed database. The components used in the design of the case example had their specifications as close as possible to the ones used in the real design. Every component, such as the floor, walls, the roof, and windows has its associated LEED information linked to the families of the BIM tool and they are already defined in the database of EcoScorecard, which includes the manufacturers' web pages and contact information. The authors created a conceptual design of the current project where its associated sustainable components and materials were selected from the developed database. The components used in creating the design of the case building had their specifications very close to the ones used in the real design. Every component, such as floor, walls, roof, and windows, has its associated LEED information linked to the families inherited in BIM tool and is already defined in the database of the sustainability evaluator tool (EcoScorecard), which includes the manufacturers' web pages and contact information. The developed model will be used to analyze and simulate the energy and lighting of the project's 3D design and to evaluate its sustainability by calculating the accumulated LEED points that can potentially be earned during the conceptual design stage. Figure 4 shows a rendered snapshot of the proposed sustainable office building, which was created using the developed model previously described. This process is implemented in four steps, wherein the model's capabilities and performance are measured using the inherited modules.
Sustainable Conceptual Design in BIM Tool (Step 1).
BIM tool (Autodesk Revit Architecture©) is applied to do the sustainable 3D conceptual design of the case building by using green families and their related keynotes stored in the external database. Once these families' keynote file is linked to the building model, users will select the most appropriate type of certified materials and components for their design. As explained in phase 1, the external database contains detailed information about the suppliers of the green materials used in every family. More than 80% of the components and families used in the case building had their LEED certification points supplied by their manufacturers and stored in the developed external database.
Energy Analysis and Daylighting Simulation (Step 2).
In order to have an accurate energy analysis of the case building, its created 3D geometric model should be converted into an analytical model. First, we have to convert all the spaces into rooms. In BIM tool, rooms are considered to be the equivalent of zones that need to be defined. A thermal zone is a completely enclosed space bounded by its floors, walls, and roof and is the basic unit for which the heat loads are calculated. The extent of a "room" is defined by its bounding elements such as walls, floors, and roofs. Once a "room" is defined for the purpose of analysing the building's energy, these bounding elements are converted to 2D surfaces representing their actual geometry. However, overhangs and balconies, which do not have a room, are considered as shading surfaces. In order to determine whether a room is an interior or an exterior, it is important to define that it is adjacent in the analytical model. By using the developed plug-in that is loaded in the BIM tool, designers will directly transfer the created 3D model of the building to the energy simulation and analysis tool (Ecotect©) using gbXML format. Moreover, by using the IES-VE plug-ins, which is added to the BIM tool, transferring the 3D BIM model into IES-VE is conceivable based on gbXML format as shown in Figure 5 .
After running the thermal and daylighting analysis in Ecotect, it is possible that comprehensive building information other than the geometric one will be transported. In order to test what type of data was included during the integration, a comparison analysis of this data is executed. The building model is tested for building material, thickness, geometry (area and volume), building services, location, and building types. All the input variables are kept constant in the base case while the testing is done with one alteration at a time. What BIM brought to energy simulation is an integrative interface that provided the designers a more reliable and consistent building information model for analysis, leading to more accurate simulation results. The biggest advantage of parametric modeling rests in its capacity of updating building information simultaneously with the changes made to the model configuration. In the conceptual design stage, architects and designers could test different design alternatives to find the optimal solution.
As mentioned earlier, gbXML is developed based on XML, which captures data information representation but not the relationships among them. All the geometry information imported from the BIM tool is represented by the "Campus" element. The global child element "Surface" represents all the surfaces in the geometry. There are several attributes defined in a "Surface" such as "id" and "surfaceType. " Every "Surface" element has two representations of geometry, "PlanarGeometry, " and "RectangularGeometry. " They both carry the same geometry information. The purpose of this is to double-check whether the translation of geometry from BIM tool is correct or not. Every "RectangularGeometry" has four "CartesianPoint" elements, which represent a surface. Every "CartesianPoint" is represented by a three-dimensional coordinate ( , , ).
There are only five levels to transverse and to get all the coordinates of an "Exterior Wall" location. It is also easy to add other surfaces. In addition, every polyloop, which contains a list of coordinates that makes up a polygon in three-dimensional space, follows a right-hand rule defining the outward normal of a surface. However, gbXML has the ability to carry building environmental sensing information. In terms of geometry, gbXML only accepts rectangular shape, which is enough for energy simulation.
GbXML file is able to transfer the geometric information such as shape, areas, and volumes. However, it is further able to transmit information about location and construction assignments. It can be seen that the gbXML file is also able to transfer other information such as building type (single family) and building services (VAV single duct). Thus, in order to validate the information that is not transmitted, the gbXML file is modified so that it can recognize the information related to the location, building services, and construction assignments while executing the transferring process.
In order to discern that the information related to the selected material used in the model has been completely transmitted over to the energy simulation and analysis tools, a new material is assigned to the 3D model of the case building. The wall's material is changed to a timber frame wall that consists of brickwork (outer leaf), cavity, plywood (lightweight), mineral fiber slab, and cavity and gypsum plasterboard. However, the option selected in the IES interface for the construction assignments (exterior wall) is kept unchanged.
A quick scan to the IES's results shows that the result is kept unaltered. This means that the newly assigned material in the model does not have any type of effect on the results. To clarify this result, in another case, the timber frame wall was modeled as the wall material, and the same option was selected in the IES interface, which is a timber frame wall. The difference in the results indicates that the selection in the Revit-IES interface overrides any selection made during modeling of the building in Revit. This is important because this indicates a gap in the information transfer in the building model in Revit and analytical model in IES-VE. Figure 6 shows sample results of the daylighting analysis that users can get out of both the Ecotect and IES-VE tools and Figure 7 shows sample of the thermal analysis results generated by these tools. In Figure 6 , daylighting simulation Internal, and Inter-Zonal for a whole year from January 1 to December 31. As illustrated, conduction has a maximum overall loss with 69.4% (around 840 wh/m 2 ) and direct solar has tremendous gains with 51.7% of energy gains (around 420 wh/m 2 ). IES-VE also gives a total annual energy analysis, total electricity, and total net gas manifesting the total system energy based on power (Kw) for the whole year. The analysis shows that the maximum energy consumption of the building is between January and December with an average of 250 (KW) for the whole system.
Assessing the LCA and Embodied Energy Analysis Results of Building Components (Step 3).
Once the conceptual design is finished and the energy is analyzed, the building is assessed and analyzed based on the sustainability requirements using the LCA module and its associated tool (ATHENA Impact Estimator©). This user-friendly tool provides quick results in the form of tables and graphs. The Impact Estimator (IE) allows users to change the design, substitute materials, and make side-by-side comparisons. It also lets users compare similar projects with different floor areas on a unit floor area basis. After that, the IE is able to calculate the primary operating energy including the embodied energy (the energy used to extract, refine, and deliver energy) and the related emissions to air, water, and land over the life cycle of the building [43] . Subsequently, the IE compares the life cycle of the operating and embodied energy and other environmental effects of the proposed building design by allowing users to better understand the inherent trade-offs associated with the increase of the envelope materials (e.g., insulation), which can reduce the operating energy consumption. First, users input the necessary information such as geographic location, building life, occupancy/type, and, if desired, annual operating energy values into ATHENA. Second, the exported bill of quantities extracted in Step 1 is imported as text exchange file into ATHENA Impact Estimator©. Preset dialogue boxes prompt users to describe the different assemblies, such as entering the width, span, and live load of a floor assembly.
While the Impact Estimator offers a wide array of material and assembly combinations, the user needs to enhance the project design with additional materials. It should be noted that when it is decided to add "Extra Basic Materials, " the application does not know how or where these materials are to be added and used. Hence, the LCA profile provided for extra basic materials is diminished in the sense that the application delivers the material to the building site but does not calculate any effects associated with the usage of this material. For instance, using the formerly mentioned case as an example, softwood lumber, which is a green material and is used in different parts of the building, is added beside other assembly groups as extra basic materials.
After entering all the necessary information, Impact Estimator provides series of reports in terms of (1) Ozone depletion potential (kg CFC-11 eq)
Global warming potential summary measure 200,000 400,000 600,000 800,000 1,000,000 1,200,000 1,400,000
Global warming potential (kg CO 2 eq) HH criteria summary measure 2,000 4,000 6,000 8,000
HH criteria (kg PM10 eq) chart by assembly groups measure chart by assembly groups measure chart by assembly groups chart by assembly groups chart by assembly groups Figure 8 represents samples of the bar chart reports extracted from ATHENA Impact Estimator©. As shown in Figure 8 , foundation as well as extra basic materials consumes fossil fuel more than other assembly groups (around 3,000,000 MJ). Beams and columns and walls use about 2,500,000 (MJ) of fossil fuel consumption. Conversely, when it comes to Ozone depletion, walls, roofs, and foundation with about 0.0014 (Kg CFC) are three groups with noticeable amounts. Rather than extra basic materials, walls, on the other hand, seem to have the most smog potential with around 22000 (Kg No x ) out of the total amount, which is 95,000 (Kg No x ). Foundation creates the highest amount of Global Warming Potential, averaging around 320,000 (Kg Co2), followed by the walls, with 240,000 (Kg Co2). Foundation and walls produce similar amount of acidification potential, usually around 85,000 (moles of H+), whereas beams and columns produce much less than the others with around 55,000 (moles of H+). Similarly, the HH Respiratory Effects for walls have the most effects, averaging around 2280 out of a total of 6430 (Kg PM2.5). In the ultimate interpretation among the selected components, walls and foundation have the most impact on the environment in comparison with other assembly groups. Two reasons for this can be described here. The former is that walls and foundation are in direct contact with the outdoor environment while having several openings (wants and voids) and the various layers of walls and foundation are not made from sustainable materials based on The embodied energy of every building's component is calculated and its result is generated and supplied as shown in Figure 9 . IE takes into account the energy used to construct the structural elements of the building, the emissions to air, water, and land associated with the on-site construction activity, and the energy used to transport the materials and components from the manufacturer to a national distribution centre and from that centre to the building construction site. As illustrated in Figure 9 , in the case building, it is obvious that the walls' materials have the highest embodied energy consumption with a total of 6,456,764 MJ based on different types of energy description. Beams and columns have the second highest embodied energy consumption (1,855,880 MJ). Furthermore, 20,272,484.27 MJ of the energy consumed in this building is operating fossil fuel energy while 13,413,217 MJ is embodied fossil fuel energy.
To calculate the transportation embodied energy, a plugin is developed by authors based on the algorithm described in phase 5. The algorithm receives weight of every building component (lb) from user and implements the truck selection procedure. Then, the developed plug-in uses the API of Google map to calculate the distance between the location (origin) of the materials' suppliers and the location of the project (destination) once the required postal codes are entered by the user. As illustrated in Figure 10 , when the required data (i.e., weight of the material, postal codes of origin, and destination) is entered, the plug-in calculates the transportation energy of every building component (MJ) as well as the number of trucks and their types. By clicking the "total" icon in the plug-in form, all the amounts of transportation energy in each section are added, which represents the total transportation energy. This amount has to be added to the embodied energy calculated by Athena. For example, by considering the materials of the walls' in the case building and by assuming a unit weight of 55 lb./SF and a calculated total surface area of 16,360 SF for all the walls, the total weight of the wall's material will be around 899,800 lb. Using the developed plug-in (Figure 10) shows that a combination of one truck of type 2 and thirteen trucks of type 4 is a proper option for transporting the materials. While the fuel consumption for truck 4 and truck 2 is 4.14 MPG and 5.43 MPG, respectively, entering the postal code of the origin and destination would lead to an approximate measurement of the distance to be 9.1 miles; thus the consumed embodied energy for transporting the wall's material is calculated to be around 3988.8 MJ. Same processes are applied for the rest of the building components and accordingly the total transportation energy would be calculated to be around 38934.67 MJ, as shown in Figure 10 .
Environmental Evaluation and Calculation of the Potential LEED Points (Step 4)
. By running the sustainability evaluator (EcoScorecard©) plug-in added on in BIM tool, designers are able to do a model evaluation based on different green building rating systems as described in the methodology and development section. The result of the EcoScorecard is shown in Figure 11 , where 52.9% of the model's components are compiled from sustainable materials and families that are already defined in the Smart BIM database and detected by the EcoScorecard. By selecting the desired green building rating system and clicking the "evaluate model" button, users are able to see the analysis results in detail and save them as a PDF file. In this paper, LEED Canada New Construction v1.0 is used to evaluate the designed model. In this case, the authors are able to identify the potential points earned by the 3D design based on the information provided by the EcoScorecard. Table 3 offers information related to the materials and their associated potential LEED points as well as the actual points earned by the design developed in Step 1 based on the results of the EcoScorecard LEED evaluation. As shown in Table 3 , the detected components by the plug-in that get 44 LEED points are based on the CaGBC rating system. This is an approximate number of the LEED points that are earned by the designed case building since the focus of this study is at the conceptual design stage, which means that the calculated points do not necessarily reflect the final number that can be earned when the building is completed. The intent is to simply provide owners and designers with an idea of how many potential LEED points the proposed building might earn if a decision is made to continue the project. At the conceptual stage, owners and designers do not have detailed information about the project, yet this integration will help them generate an approximated idea that will allow them to realize the potential LEED points the designed 3D model can earn.
Since not all suppliers provide the cost of products on their website, authors used RS-Means cost data to prepare preliminary cost estimate for the case building and store it in that specific family in BIM tool as shown in Figure 12 . Table 4 illustrates the total estimated cost of each building component which is calculated using RS-Means Green Building Cost database. In this database the unit cost of each family is calculated based on the year 2013 national average value and adjusted for the city of Montreal. To prepare the cost estimate, materials with specifications similar to the quantity take off extracted from the developed 3D design are selected from RS-Means database. However, as illustrated in Table 4 , the preliminary cost estimate of the building components using the proposed method is calculated to be $1,131,303.43 while the actual estimated cost was calculated to be $1,045,753 for year 2013 that reflects a 7% difference in the values, which is acceptable for the conceptual stage where little information about the project is known.
Conclusion
The novelty highlighted in this paper describes the model's different modules, which are integrated into each other based on an automated process by creating new plug-ins and improving the functionality of the existing ones so that users will be able to start the sustainable design of a proposed building project at the conceptual stage of its life cycle in a timely and cost effective. Using a BIM integrated platform moves the design decisions forward at the early stage especially when comparing different design alternatives, which is considered as an attribute of this research.
The developed model enables users compare and select different materials and components, which are stored in the external database, to be used in their design based on the energy and sustainability specifications and cost. This accelerates the process of modifying building components early at the conceptual design stage in case the selected ones do not meet owners or designers requirements. Missing information during the transformation process from BIM tool to the other ones (i.e., energy analysis and simulation) includes the information required as input by different software. Some information needs to be entered manually by the user after the transferring process, while the other type of information is automatically assumed by the software itself (i.e., information about the type of materials when transferring it from Revit to Ecotect or IES-VE). The developed database was designed based on the collected information that contained limited numbers of certified components, all of which are designed and provided by the manufacturing companies. This is Journal of Construction Engineering a limitation for the model because it does not cover all the existing green elements and, as was previously mentioned, only 52.9% of those materials and components were detected and defined in the EcoScorecard database. This means that there are several green families that need to be designed, converted to BIM format files, and added to the database. In this research, different energy tools have been used and their results are compared. While Ecotect gives annual thermal consumption and peak loads for worst-case times, the IES Apache Simulator gives comprehensive information about the total annual energy consumption and room loads. The variation in Ecotect in terms of the heating and cooling loads is due to the calculation method used by this tool. Ecotect uses the worst design annual load case while the ASHRAE load calculator built into IES uses the worst monthly scenario (January) for heating loads and five months long (May-September) scenario for cooling loads. The discrepancy in the results between Revit, IES, and Ecotect was expected to occur because of the different load calculation techniques, calculation engines, and variation in the materials types and their associated values found in these tools.
The results generated by the different modules are evaluated based on diverse economical perspective. Energy analysis results are good feedback to the design team about the potential energy that can be gained or lost within a year by the proposed building. Using these data can ease the way of estimating the energy cost which is a major part of the operation cost for any building. LCA is in direct relation with life cycle cost through different attributes such as process-related costs, environmental insurance, impact on sales volume of the building components, labeling costs, and future taxes or abatement costs. Along with the obvious environmental advantages, LEED-certified buildings cost less to operate and are more desirable for commercial and residential occupants. As it is an ongoing research, part of the future work is related to enhance the external BIM database as well as developing a plug-in containing LEED points and requirements to efficiently calculate and quantify sustainability of the building components.
